Superlattice architecture represents an effective strategy to improve performance of hard protective coatings. Our model system, MoN/TaN, combines materials well-known for their high ductility as well as a strong driving force for vacancies. In this work, we reveal and interpret peculiar structure-stability-elasticity relations for MoN/TaN combining modelling and experimental approaches. Chemistry of the most stable structural variants depending on various deposition conditions is predicted by Density Functional Theory calculations using the concept of chemical potential. Importantly, no stability region exists for the defect-free superlattice. The X-ray Diffraction and Energy-dispersive X-ray Spectroscopy experiments show that MoN/TaN superlattices consist of distorted fcc building blocks and contain non-metallic vacancies in MoN layers, which perfectly agrees with our theoretical model for these particular deposition conditions. The vibrational spectra analysis together with the close overlap between the experimental indentation modulus and the calculated Young's modulus points towards MoN0.5/TaN as the most likely chemistry of our coatings.
I. INTRODUCTION
Excellent mechanical properties of nitride-based protective coatings closely relate to their microstructure 1 . To meet the demanding industrial requirements, coatings are nano-engineered as single or multilayer multicomponent systems. Especially superlattices (SLs), i.e, coherently grown nano-layers of two or more materials, represent a powerful concept to tune optical, magnetic, electronic, mechanical or tribologic properties [2] [3] [4] [5] . Furthermore, SL architecture can enable formation of metastable phases, otherwise rather uneasy to synthesise experimentally. The application higly relevant cubic AlN, for instance, was shown to be epitaxially stabilised in AlN/CrN 6, 7 or AlN/TiN [8] [9] [10] SLs. In terms of mechanical properties, the great potential of superlattice architecture was demonstrated by Helmersson et al. 11 and Barnett and Madan 12 . When the bilayer period of TiN/VN and TiN/NbN nanolayered coatings was set to 5 and 9 nm, respectively, the hardness exceeded that of the monolithic film-forming phases by about 100%. Interface-induced enhancement of mechanical and/or tribologic performance beyond the limits of its individual components was further achieved for TiN/MoN, TiN/NbN, TiN/TaN, and TiN/CrN SL coatings 13, 14 . Hahn et al. 15 further showed that fracture toughness and hardness of TiN/CrN exhibit almost the same dependence on the bilayer period, Λ, with the fracture toughness peak at Λ ≈ 6 nm coinciding with the hardness peak.
Additionally, an enormous versatility in structural and mechanical properties can be accomplished by intentionally using the typically unwanted products of Physical Vapour Deposition (PVD) processes: vacancies and point defects in general [16] [17] [18] [19] [20] [21] . Recent work by Buchinger et al. 22 particularly underlined the important role of theory-guided defect design, showing an impressive fracture toughness enhancement in TiN/WN x superlattices, 4.6 MPa √ m for Λ = 10 nm, which presents one of the highest records among transition metal nitrides. The authors proposed that the indentation modulus and fracture toughness dependence on Λ (in particular, the emergence of the peak) relates to the changing vacancy content within WN layers.
In this work, we chose molybdenum and tantalum nitride as the superlattice building materials. Not only do they exhibit many superior properties, such as excellent hardness and elastic moduli, high melting point, good thermal and electrical conductivity [30] [31] [32] [33] , but they also exist in many crystallographic and compositional variants [23] [24] [25] [26] . The usually experimentally desired phase is the cubic rocksalt (Fm3m, #225, rs). Importantly, the stability of this phase is conditioned by the presence of vacancies on either the metallic (MoN and TaN), or non-metallic (MoN) sublattice 24, [27] [28] [29] . Our ab initio pre-study 40 indicated a strong potential for cubicbased MoN/TaN SLs, especially in terms of ductility. Yet the SL computational model was fully stoichiometric, i.e., disregarded the strong driving force of MoN and TaN for vacancies. Such model somewhat surpris-ingly resulted in a phase transformation of the originally cubic SL building blocks towards tetragonally distorted ζ-phases 34 (P4/nmm, #129). Our reasoning was based on the enormous instability of the defect-free rocksalt structured MoN and TaN, which eliminate some of their soft phonon modes by lowering the symmetry. Clearly, the presence of interfaces (and the related bi-axial coherency stresses) is essential for this phase transformation.
A highly intriguing question for the present study therefore is, whether the tetragonally distorted ζ-phases can still compete with the probably more realistic model of the SL featuring cubic building blocks with vacancies. Furthermore, MoN/TaN SLs may generally prefer different vacancy contents and distribution than these known to work for the monolithic films. To provide a trustable basis for our modelling analyses, we employ series of experimental techniques. The main objective of our investigations is to propose a complete picture of atomic-scale architecture, thermodynamic stability, electronic and elastic properties of MoN/TaN SLs, which can further serve to formulate design guidelines for outstanding SL coatings.
II. METHODOLOGY A. Computational details
The simulations were carried out within the framework of the Density Functional Theory (DFT) as implemented in the Vienna Ab-initio Simulation Package (VASP) 35, 36 together with plane-wave projector augmented wave (PAW) pseudopotentials 37 . In order to treat the exchange and correlation effects, we applied the Perdew-Burke-Ernzerhof generalized gradient approximation 38 . The plane-wave cutoff energy was set to 700 eV, while the reciprocal space was sampled with Γ-centered Monkhorst-Pack meshes 39 equivalent to the product of the number of k-points and the number of atoms equal at least 25 000.
Our model of the defect-free MoN/TaN superlattice with the MoN-to-TaN molar ratio 1:1 was based on the conventional 8-atom cubic fcc cell. Applying the periodic boundary conditions, the 1×1×(2n), n = 1, 2, . . ., geometry produced SLs with (001) interfaces and bilayer periods Λ ≈ 9n Å. As shown in our pre-study 40 , a full relaxation of such SLs breaks the cubic symmetry of the fcc building blocks and induces a structural transformation towards the tetragonal ζ-phase (P4/nmm, #129). While the ζ-TaN is dynamically stable (unlike rs-TaN), the ζ-MoN still yields soft phonon modes. Following these finally leads to the dynamically stable ω-MoN (P2 1 /m, #11). The fcc, ζ, and the ω structures of MoN and TaN are compared in Tab. I.
In this work, we studied the effect of vacancies in the already pre-relaxed SLs, i.e., composed of the ζ-phases. To keep the simulations computationally affordable, the supercell size was set to 2 × 2 × 4 (128 atoms), leading to the bilayer period Λ ≈ 1.91 nm (after relaxation). As we wanted to analyse the effect of interfaces themselves, a desired number of Mo, Ta, or N vacancies was randomly distributed at each (001) plane. In particular, different vacancy configurations in terms of vacancy distribution within the layers ware produced even for the same vacancy content and the same type of missing atom. Vacancies in the monolithic ζ-MoN and ζ-TaN were distributed employing the Special Quasi-random Structure (SQS) method 41 . Despite both ζ-phases and SLs had the overall tetragonal symmetry, the presence of vacancies generally led to 3 distinct lattices parameters, a 1 , a 2 , and c, after a full relaxation. The tetragonal lattice parameter a of ζ-Me x N y , Me=Mo, Ta, was calculated by averaging a 1 and a 2 . In the case of SLs, such average represented an effective in-plane lattice constant (in the interface), while c (in the direction perpendicular to the interface) represented the bilayer period, Λ. To quantify the effect of vacancies on each of the SL-building materials, we estimated an effective lattice parameter c MoN eff , c TaN eff , in MoN and TaN layers separately. This was done by measuring interplanar distances between all pairs of neighbouring (001) planes (the z-coordinates of these planes were averaged fully relaxed z-coordinates of all ions occupying the same plane, i.e. with the same z-coordinate before the relaxation). Furthermore, to reflect that SLs with the same vacancy concentration but different vacancy distribution may differ in energies, we employed a weighted average
where x i is a structural parameter of interest (i.e., Λ, a in the interface) and w i is the corresponding weight. Index n corresponds to the number of investigated distributions of the same vacancy type and overall concentration. Denoting E min tot the minimal formation energy of a SL with a specific vacancy type and concentration, the weight of a SL configuration with energy E tot,i was calculated as
where E tot,i , E min tot < 0 and E min tot = 0 (the wights are non-negative).
Thermodynamic stability of SL as well as monolithic phases was quantified with the energy of formation, E f , calculated according to
where E tot is the total energy of the supercell, n s and µ s are the number of atoms and the chemical potential, respectively, of a species s. Depending on the specific experimental conditions, the chemical potentials µ N , µ Mo and µ Ta may in principle reach any value below the upper The stress-strain method [42] [43] [44] was applied to calculate the fourth-order elasticity tensors C of selected systems according to the Hooke's law, σ = Cε, which establishes a linear relation between stress, σ, and strain, ε. Using the Voigt's notation, we conventionally transform the calculated fourth-order tensors, C, to a symmetric 6 × 6 elastic constants matrix {C ij }. A positive definiteness of the elastic matrix, or equivalently, a positivity of its minimal eigenvalue, λ min , served as a necessary and sufficient criterion for a mechanical stability of the corresponding structure 45 provided other instabilities (e.g., soft phonon modes or magnetic spin arrangement) do not come forth. In principle, analysis of the phonon spectrum of a crystal is required to ensure the vibrational stability of the investigated material. Here, the phonon spectra were calculated using the Phonopy package 46 . The polycrystalline bulk, B, and shear, G, moduli were represented with the Hill's average 47 of the upper Reuss's limit 48 and the lower Voigt's bound 49 . The Young's modulus was evaluated as
using the Hill's averages of B and G. The relative tendency for brittleness/ductility was predicted based on the Pugh's ratio, B/G, and Poisson's ratio,
Values B/G > 1.75 50 and ν > 0.33 51 , respectively, were conventionally interpreted as a sign for ductile behaviour.
B. Experimental setup
MoN/TaN SL films were deposited using the AJA International Orion 5 lab scaled deposition plant, equipped with two 2" unbalanced magnetron cathodes. The base pressure of the sputtering chamber prior to the deposition was lower than 10 −4 Pa. Prior to the depositions, Si(100), 20 × 7 × 0.38 mm 3 , and MgO(100), 10 × 10 × 0.5 mm 3 , substrates were ultrasonically cleaned in acetone and ethanol for 5 min each. Subsequently, they were thermally cleaned at 500
• C for 20 min inside the chamber followed by etching for 10 min (by applying constant −750 V bias voltage at an Ar pressure of 6 Pa).
The depositions were carried out at a substrate temperature of 500
• C in an Ar/N 2 gas mixture (7 sccm Ar and 3 sccm N 2 ) at a total pressure of 0.4 Pa. The current densities of the dc powered Mo and Ta targets (both 99.6% purity, Plansee Composite Materials GmbH) were set to 19.7 mA/cm 2 . To achieve a dense coating morphology, we applied a negative bias voltage of −40 V 52 . Nanolayered structures were realized using a computercontrolled shutter system. The bilayer periods were nominally set to Λ = 1.5, 3, and 6 nm, while the total number of bilayers were chosen to produce a film thickness of ≈ 2 µm.
The X-ray diffraction patterns in Bragg-Brentano (BB) configuration were collected using a PANalytical XPert Pro MPD (θ-θ diffractometer) equipped with a Cu-K α radiation source (λ = 0.15418 nm). The gracing incidence (GI) patterns were recorded with an incidence angle of 2.0
• using an Empyrean PANalytical (θ-θ diffractometer) with a Cu-K α source.
A coating with Λ varying from 1.5 to 15 nm was used for Transmission Electron Microscopy (TEM) studies. A cross-sectional electron transparent lamella was prepared using a FEI Helios NanoLab G3 UC dual beam focused ion beam (FIB) microscope. The FIB was operated at accelerating voltages from 30 kV to 1 kV and currents from 20 nA to 40 pA. Cross-sectional scanning transmission electron microscopy (STEM) and energy dispersive spectroscopy (EDX) was performed using FEI Titan Themis equipped with a SUPER-X EDX detector. The microscope was operated at accelerating voltage of 300 kV and probe current of 0.7 nA. The collected EDX signal was treated using TEAM software applying built-in standards.
Indentation hardness of our coatings was measured with the Fischer Cripps Laboratories ultra-micro indentation system (UMIS) equipped with a Berkovich diamond tip. A series of indentations with different loads (3-45 mN) was performed for each multilayer system and substrate. Indentations with a total indentation depth larger than 10% of the film thickness were ruled out, the rest of the data was evaluated following Oliver and Pharr 53 . The indentation modulus was calculated by extrapolating a fit to zero indentation depth in order to minimise substrate effects 54 . The residual stress values were evaluated using Stoney's equation 55 , whereby the curvature was determined employing optical profilometry.
III. RESULTS AND DISCUSSION
A. Energetics and structure
Formation energies and structural parameters from first-principles
Prior to experimental investigations, formation energies, E f , and lattice constants of MoN/TaN SL are carefully analysed depending on the defect type, concentration, and distribution. As already these three parameters may draw a rather complex picture, we limit ourselves to the 128-atom simulation cell with Λ ≈ 1.91 nm, i.e., do not bring another variable via altering the bilayer period. To identify the most stable structural variants depending on specific deposition conditions, E f is evaluated as a function of metal and nitrogen chemical potentials, quantifying the availability of the respective element in experiment. For example, the nitrogen chemical potential can be easily interpreted as the applied N 2 partial pressure.
To highlight the impact of interfaces, Fig. 1 contrasts the energetic trends for SLs with those obtained for their single-phase ζ-Me x N y components (Me=Mo, Ta). A structure is deemed unstable for a combination of µ N , µ Mo , and µ Ta yielding a positive value of E f (cf. Eq. (3)). Nevertheless, a negative sign of E f does not yet imply mechanical and/or vibrational stability (investigated later in Sec. III B and III C). Not just the amount of vacancies, but also their spatial distribution, i.e., relative content at interfaces, might play an important role. Fig. 2 provides an elementary insight into the relative segregation tendency of vacancies based on total energies, E tot , which are independent of chemical potentials. The E tot minimum for MoN/Ta 0.75 N SL is obtained when half of all vacancies accumulates at interfaces. Interfaces become even more energetically favourable when Ta vacancy concentration rises up to 50 at.%. Mo vacancies in Mo 0.5-0.75 N/TaN SL also tend to accumulate at interfaces. Specifically, the strongest preference of Mo vacancies for interfacial sites is predicted for Mo 0.5 N/TaN: the E tot difference between the SL with all vacancies occupying (i) the interface and (ii) the "bulk-like" layers is ≈ 0.2 eV/at. Comparable trends are predicted for 50-75 at.% N vacancies in MoN layers.
We will now proceed to a careful structural analysis, technical details of which are explained in the Methodology section. Fig. 3 suggests that the increase of vacancy content in ζ-MoN and ζ-TaN leads to a notable decrease of the tetragonal lattice parameter c. This is compensated by the increase of a, with the only exception of N vacancies in ζ-TaN. For example, as a result of 6%-Tasubstoichiometry in ζ-TaN, c drops abruptly from 5.12 to 4.50 Å, accompanied by an enlargement of a from 4.20 to 4.35 Å. The simulation cells hence become more cubic as a and c get closer, which perfectly explains the comparable energetic trends for the defected cubic (cf. Ref. 27 ) and the ζ-phase (Fig. 1) . Unlike that, the N vacancies in ζ-TaN do not break the tetragonal symmetry, as the c/a ratio remains roughly constant (∼1.2), independently of the defect content. Analogically, this may explain different stability regions of ζ-TaN 0.5 as compared to its cubic rocksalt counterpart.
Surprisingly, the in-plane lattice constant of the MoN/TaN SL (∼ 4.28 Å) exceeds a of both the ζ-TaN (∼ 4.20 Å) and the ζ-MoN (∼ 4.25 Å). We speculate that the unstable rs-MoN wants to eliminate its imaginary phonon frequencies by relaxation towards the monoclinic ω-MoN (a ∼ 4.42 Å, cf. Tab. I), i.e., not only to the tetragonal ζ-MoN, which is still vibrationally unstable. At the same time, the strong ζ-TaN dictates the SL tetragonal symmetry, allowing only for a partial cubic- to-ζ (ω) phase transformation. Vacancies in MoN/TaN SLs decrease Λ as compared with the reference value 19.1 Å for the defect-free SL. This is in most cases accompanied by an expansion of the in-plane lattice constant. Fig. 3 (2b, d) further suggests that vacancies in one of the materials decrease the effective lattice parameter c in the corresponding (defected) sublattice, and-though not that significantly-also in the defect-free sublattice. As this is accompanied by an increase of the in-plane lattice constant, we propose that vacancies stimulate a ζ-to-fcc transition in defected layers. Such effect might be partially transferred through the interface via the in-plane tensile stresses, explaining a decrease of the effective c of the defect-free layers.
Experimental determination of structure and defect content
Our DFT calculations suggested that vacancies in MoN/TaN SL coatings are highly expectable, in particular in MoN layers. Rather specific deposition conditions may lead to Ta vacancies, while the defect-free system should be energetically very unfavourable. Moreover, the highly defected layer material should be cubic, while the (nearly) perfect layer material should present tetragonallike distortions.
In order to verify these predictions, we deposited MoN/TaN coatings with nominal bilayer periods, Λ nom , of 1.5, 3 and 6 nm. According to the XRD patterns (Fig.  4) , the coatings exhibit a distorted cubic SL structure with sharp interfaces and a strongly oriented (200) texture (cf. BB measurements on coated Si substrates). The measurements of coatings on MgO (100) show no signs of peaks other than (200) due to the strong template effect originating from the similar lattice parameters of MoN/TaN SLs and MgO (a = 4.21 Å). The MgO substrate peak (42.92 • ) in the BB configuration belongs to the (200) planes, while the Si substrate peak (69.13
• ) belongs to (400) planes. Based on the positions of the satellite peaks, θ ± , and the position of the main peak, θ B , we directly calculate the bilayer period, Λ XRD , using the equation Despite the structural agreement with the ab initiopredicted candidates has been established, XRD results did not allow to estimate the actual coating composition. To provide a clue on the vacancy type, we analysed chemistry of our superlattice coatings using EDX. K α and L α peaks were selected for an analysis of N, Mo, and Ta content. Fig. 5 depicts a representative semi-quantitative line-scan together with compositional maps. Clearly, the N atomic fraction is significantly lower in the MoN layers in comparison with the TaN layers. This variance was not absolutely quantified due to a nearness of Ta (N 2,3 ) and Mo (M 2 , M 3 ) peaks to the N-K α peak in the energy spectrum. On the other hand, the intensities of Ta (N 2,3 ) and Mo (M 2 , M 3 ) peaks are significantly lower in comparison to the N-K α peak. Therefore, a systematic reduction of N-K α signal is visible and allows to display this variation semi-quantitatively, which points towards N vacancies in MoN layers of the SL. Besides that, we cannot exclude a certain concentration of Mo and/or Ta vacancies.
As a next step, we go back to the DFT results ( Fig. 1 ) and identify the structural candidates that may actually exist under our specific deposition conditions. We thus limit ourselves to the relevant subspace of the theoretical (µ N ,µ Mo ,µ Ta )-dependent phase diagram, which is the closest approximate to the N 2 partial pressure 0.12 Pa, temperature 663 K, and Mo-to-Ta sputter yield 1.41. The temperature and pressure dependence of µ N is introduced following Ref. 58 and using the reference values at 700 K tabulated in Ref. 59 . The experimental Mo-to-Ta sputter yield expresses the availability of the respective metal species in the deposition process and hence, can be related to the ratio of their chemical potentials, µ Ta /µ Mo . The reason for taking µ Ta /µ Mo instead of µ Mo /µ Ta is that 0 refers to Mo(Ta)-rich conditions and the lower the µ Mo (µ Ta ) values are, the more we approach the Mo(Ta)-poor state. Fig. 6 reveals that the intersection of the experimental N 2 partial pressure and Mo-to-Ta sputter yield falls within the stability range of Mo/TaN SL. Despite supporting our hypothesis on N vacancies in MoN layers, the simulated XRD of Mo/TaN rather deviates from the experimental record. Plotting stability ranges of the metastable states (with E f about 0.03 eV/at. above the minimum energy), MoN 0.5 /TaN SL is obtained as another structural candidate under our deposition conditions. The good agreement between the experimental XRD, the in-plane lattice parameter and the correspond- ing DFT data for MoN 0.5 /TaN indicate that this SL is probably close to the synthesised one.
B. Elastic properties
As a next step, we study the impact of vacancies on the elasticity of MoN/TaN SLs and contrast the trends with these for the monolithic ζ-Me x N y , Me=Mo, Ta. Applying the ab initio stress-strain method, we obtained full elastic matrices C ij and estimated the mechanical stability of the corresponding system by calculating the minimal eigenvalue λ min (Tab. III).
Our results clearly underpin the important stabilisation role of vacancies in ζ-MoN. While the defect-free ζ-MoN is mechanically unstable (especially due to the low C 44 leading to a negative λ min ), it becomes stable if either 12. is below 25 at.%. These findings suggest that not only the most stable Mo 0.88 N and MoN 0.5 (as suggested by Fig. 3 ), but also some metastable states (e.g., MoN 0.75 ) might be experimentally accessible. On the other hand, the TaN 0.5 predicted as the most stable polymorph under the low N 2 partial pressure conditions might not be synthesisable as a consequence of its mechanical instability. As reported earlier 40 , the defect-free MoN/TaN SL with Λ ≈ 1.91 nm (composed of the ζ-phases), is mechanically stable. Considering the instability of the ζ-MoN phase itself, this is a highly interesting result. Based on Sec. III A 1, we propose that stabilisation of MoN layers is obtained through the interface with the strong ζ-TaN and the imperfect structure of the ζ-MoN itself, which partially relaxes towards the mechanically stable ω-MoN phase (see Ref. 40 ). Vacancies in MoN layers together with perfect TaN layers yield positive definite elastic matrices, i.e., Mo x N y /TaN SLs are mechanically stable. This phenomenon relates to the increasing C 44 , and hence, increasing resistance against shearing.
While our pre-study 40 showed that the cubic MoN and TaN transform towards the tetragonal ζ phases when no vacancies are present in the SL, Sec. III A suggested that ζ-phases actually transform back to the cubic structure when vacancies are introduced in the simulation cell. To support this hypothesis, we perform a simple analysis of elastic symmetry. We note that elastic matrices, C, calculated for defected systems generally constitute 21 independent elastic constants (due to the chemical disor- independent elastic constants decreases by projecting C onto a higher symmetry, given by the symmetry of a simulation cell before the relaxation (which corresponds to the macroscopic-experimental-symmetry). Following Moakher and Norris 60 , we can search for the best fitting projection, C sym , for our elastic tensor without any symmetry assumptions. Such approach consists in minimising the distance d F (C, C sym ) in the Frobenius (Euclidean) norm 40 . Here, the lowest symmetries, triclinic and monoclinic, were excluded from the analysis.
Evaluating d F (C, C sym ) for cubic, tetragonal, hexagonal, and ortorhombic symmetry classes shows that the expected C tetr indeed represents the closest projection for all systems. Nevertheless, examination of the ratio
reveals interesting facts in the case of defected ζ-phases (Tab. III). As d tetr/cub F approaches 1 for ζ-Ta 0.75 N, ζ-Mo 0.87 N, ζ-Mo 0.75 N, and ζ-MoN 0.5 , the C cub and C tetr are equally suitable for describing elasticity of these systems. On the other hand, the low d tetr/cub F obtained for ζ-TaN 0.87 (∼ 0.15) shows that the tetragonal symmetry of the elastic tensor is well preserved. Such conclusions are in a perfect agreement with the discussion in Section III A. Defected MoN/TaN SLs yield rather low d F (C, C tetr )/d F (C, C cub ) values, which justifies their overall tetragonal symmetry. In the case of the defect-free MoN/TaN, the more noticeable deviations from tetragonality can be ascribed to the relaxation from ζ-MoN towards the lower-symmetry ω-MoN.
Since the tetragonal projection was shown to be the best approximant of all our elastic tensors, we used it to evaluate the 6 independent elastic constants (Tab. III) as well as the corresponding polycrystalline bulk, B, shear, G, and Young's, E, moduli (Fig. 7) . In line with the DFT predictions, also our experiments show that the MoN/TaN SL coatings have superior mechanical properties (Tab. IV). The indentation hardness is found within the range of 31-34 GPa for bilayer periods 1.4, 2.65, and 5.1 nm. We note that due to the preferred orientation, coatings on MgO are slightly harder. The indentation modulus shows a slight dependence on Λ: E decreases from the 428 GPa (Λ ∼ 1.40 nm) down to 379 GPa (Λ ∼ 5.10 nm). Tab. IV justifies that such evolution is not caused by residual stresses 61 that vary only slightly (between 1.7 and 2.1 GPa). The experimentally measured indentation value of (428 ± 23) GPa for the 1.4 nm SL, perfectly agrees with the ab initio calculated 411 GPa of MoN 0.5 /TaN, thus supporting the hypothesis on the chemistry of our SL coatings.
C. Dynamical stability and electronic structure
To complete the picture of MoN/TaN SLs as well as to underpin our hypothesis on the presence of N vacancies in MoN layers, we calculate vibrational and electronic properties.
Starting with the electronic structure, Fig. 8 indicates that the metallic character of the SL is preserved, re- Fig. 3 ), which is accompanied by several soft modes in phonon spectra. For the same reason, vibrations of Ta atoms induce some minor instabilities of Mo/TaN structure, though no imaginary phonons frequencies are present in bcc-Mo. Importantly, all imaginary phonon frequencies are eliminated in MoN 0.5 /TaN SL. This vacancy content is thus sufficient to stabilise MoN layers, but not too high to destabilise TaN layers.
According to DFT calculations, the MoN 0.5 /TaN SLsupposedly a close approximant to the experimental coatings-does not only exhibit a local DOS minimum at the Fermi level (which is a sign for stability), but actually is the only vibrationally stable configuration. Nevertheless, we note that the here presented phonon calculations are far from being an accurate description of the phonon properties as a function of defect type, concentration, and configuration. A careful supercell size optimisation and/or different defect distribution may lead to a dynamical stabilisation of other defected systems, not only MoN 0.5 /TaN.
IV. SUMMARY AND CONCLUSIONS
Structure-stability-elasticity relations for cubic-based MoN/TaN superlattices were established by modelling and experimental techniques. Our material system presented a particular versatility in physical properties, as both MoN and TaN have a strong affinity for vacancies and can easily structurally transform due to the presence of interfaces (and the corresponding non-homogeneities of the electronic charge density).
Quantum-mechanical DFT calculations identified Calculations of elastic properties proved a stabilisation effect of vacancies in terms of mechanical stability and suggested an improved ductility/toughness of MoN/TaN SLs as compared to the monolithic phases as well as transition metal nitride systems in general. The ab initio polycrystalline Young's modulus of MoN 0.5 /TaN (411 GPa) perfectly agreed with the experimental indentation modulus (428±23 GPa), thus supporting our hypothesis on N vacancies in MoN layers of SL coatings.
The measured indentation hardness reached up to 31-34 GPa. Phonon calculations further revealed that the MoN 0.5 /TaN structural candidate is the only one that is vibrationally stable.
Our complex analysis of vacancy-stabilised MoN/TaN SLs underlines the high predictive power of modelling as well as the necessary symbiosis between theory and experiment in order to design novel materials.
